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I.  After-Effects  of Repetitive  Activity 
in  a Nerve  Ending 
'WERNER  R.  LOEWENSTEIN  and  STANLEY  COHEN 
A  B  S  T R A c T  Repetitive mechanical stimulation causes depression of excitabil- 
ity in isolated Pacinian corpuscles: the mechanical threshold of the sense organ 
for  producing nerve impulses increases progressively with time of repetitive 
stimulation. The effect is completely reversible; it can be elicited with repeti- 
tive  stimuli of less than threshold strength. Within certain limits,  the depres- 
sion increases as a function of strength and frequency of the repetitive stimuli. 
INTRODUCTION 
It has become clear within recent years that deformation gives rise to graded 
electrical  responses  (generator  potentials)  inside  mechano-receptive  sense 
organs.  The muscle spindle of the frog (Katz,  1950),  the Pacinian corpuscle 
of the cat (/~lvarez-Buylla and de Arellano,  1953; Gray and Sato,  1953),  and 
the fast  and  the slow  stretch receptor nerve cell  of Crustacea  (Eyzagulrre 
and Kuffler,  1955)  provide good examples. The main property of the gener- 
ator potential is its ability to vary without detectable steps  as a  function of 
the deformation. The site at which the generator potential originates in the 
Pacinian corpuscle is  now well established: it is  produced at  the non-mye- 
linated nerve ending inside the corpuscle. In fact, the entire process by which 
the mechanical stimulis is  converted into  an  electrical response appears  to 
take place within the membrane of the ending; the large mass of non-nervous 
tissue of the corpuscle and the myelinated axon portion inside the corpuscle 
play no  active part  in  the convertor process  (Loewenstein and  Rathkamp, 
1958).  Nothing,  however,  is  known  about  the  mechanisms  by  which  the 
mechanical stimulus is converted into electrical activity. The chief aim of the 
present  series  of papers  is  to  inquire  about  the  kinetics  of the  convertor 
process.  We  have  attempted  to  gain  some information  on  the kinetics,  by 
studying  the  effects  of repetitive  activity  on  the  receptor.  The  approach 
banked on the expectation that repetitive activity might lead to a  depletion 
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of certain processes of the convertor chain; and that this depletion might be- 
come  detectable  as  a  diminution in  responsiveness  (in  generator  potential) 
of the receptor membrane and, as such, be analyzable in terms of its kinetics. 
In this series of papers,  an analysis is given of the after-effects of repetitive 
activity at the receptor sites of Pacinian corpuscles.  The present paper deals 
with the effects of repetitive stimulation on the excitability of the sense organ. 
It will be shown that the excitability of the receptor decreases with repetitive 
stimulation.  The  second  paper  of this series  deals  with  the  mechanisms  in- 
volved in  the decrease  of excitability,  and  describes  the  effects of repetitive 
stimulation on the generator potential of the receptor membrane of the non- 
myelinated ending. The third paper is concerned with the kinetics of excita- 
tion and inactivation at the receptor membrane. 
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FIGURE 1.  Diagram of set-up. A piece of mesentery  (M), containing several dissected 
Pacinian corpuscles (P) and their dissected axons (A), is clamped in a lucite holder (H). 
A piezoelectric crystal delivers mechanical  stimuli to the corpuscle by means of a glass 
stylus (St). 
Methods 
Single Pacinian corpuscles of the cat's mesentery were used. A  piece of mesentery 
(M)  containing preferably more than one corpuscle and nerve supply was isolated 
from the animal, stretched out, and mounted on a lucite holder (Fig.  1). The axon 
supplying each accessible corpuscle (P) was freed by dissection from mesenteric tissue 
and set up for recording of electrical activity. Only one single corpuscle was used 
for stimulation and recording at a  time. But since the piece of mesentery contained 
several corpuscles and their respective isolated axons (A), various sense organs were 
usually available for successive study in one preparation. The preparation was set up 
in a lucite bath containing a slightly modified Krebs's solution (Krebs and Henseleit, 
1932)  covered with mineral oil. The solution had the following composition: NaCI 
119  raM;  KC1  4.666  raM;  CaCI~  2.517  mM;  MgSO4  1.11 raM;  NaHCO3  25.0  mu; 
KH~PO4 1.17 mM; glucose 8.85 raM. 
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of a piezoelectric crystal. A glass stylus (St), cemented onto the crystal, transmitted 
the deflections to the corpuscle.  The crystal was driven by electrical square pulses of 
0.1  to 0.4 reset, duration. It was important for the present experiments to have re- 
producible mechanical stimuli. The deflections of the crystal were for this reason 
monitored photoelectrically. Deflections  of the crystal continuously variable from 
0.5 reset, pulse duration to infinite duration; and continuously variable in amplitude 
(henceforth called stimulus strength) between 0 and 45 #, and in frequency between 
0 and 2000 pulses per sec. were available for mechanical stimulation. Unless stated 
otherwise,  mechanical pulses  of 0.5 msec.  duration were employed for stimulation. 
Frequencies up to 2000 per sec. were followed with fidelity by the stimulator device. 
Three sets of square wave generators were used to drive the crystal.  Each set of gen- 
erators could be controlled independently. Thus, for instance, a train of mechanical 
pulses of high frequency and of a given strength could be intercalated between two 
trains of low frequency pulses of another strength (see Fig.  1 of subsequent paper). 
The afferent activity of the sense organ was led off the dissected  axon between a 
fluid electrode (the oil-Krebs's interface) and a platinum electrode (Ex) placed on a 
crushed region of the axon (Fig. 1). The electrical activity of the axon was fed through 
a  capacity coupled amplifier of either  15  or 225  #see.  rise  time constant, and 900 
msec.  decay time constant into a  double beam oscilloscope. A detailed description 
of the general procedures of dissection  and stimulation has been given in an earlier 
paper (Loewenstein and Altamirano-Orrego, 1958). 
The experiments were done at room temperature ranging between 20 and 24°C. 
RESULTS 
Post-Tetanic  Depression  of  Excitability 
When a  Pacinian corpuscle is submitted to mechanical stimulation of high 
frequency, its  excitability becomes  markedly depressed.  The effect is  illus- 
trated in the experiment of Fig. 2.  In this experiment the threshold for pro- 
ducing all-or-nothing potentials in  response  to  single mechanical stimuli is 
measured. A train of repetitive stimuli at 300 per see. and of a total train dura- 
tion of 60 see.  is  then applied to the corpuscle.  At the end of the train the 
threshold for single stimuli is again determined and is found to have risen by 
110 per cent. From there on the threshold is seen to fall exponentially to the 
original normal value over a period of 80 see.  (Fig. 2). The time required for 
the threshold to attain its normal value  (henceforth called full recovery time) 
varies  from  corpuscle  to  corpuscle.  But  in  a  given  corpuscle  and  under 
standard conditions of stimulation, the full recovery time is rather constant, 
and is directly related to the maximal threshold value to which the receptor 
was driven by repetitive stimulation. The full recovery time of threshold pro- 
rides  thus a  convenient index of the degree of depression; it is  more easily 
and  more  accurately measured  than  the  threshold  which  changes  rapidly 
during the early phase of the depression. We have used the full recovery time 338  THE  JOURNAL OF  OENERAL  PHYSIOLOGY  •  VOLUME  43  '  ~959 
of threshold as a measure of excitability depression in most of the experiments 
described in the present paper. 
The described effect of excitability depression is completely reversible and 
reproduceable over a large number of trials. It can be elicited with repetitive 
stimuli of as low as one-half threshold  strength,  which produce a  reduction 
in  corpuscle diameter of less  than  0.2  per cent  (less  than  0.6  #  deflections 
of our crystal stimulator). 
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Time course of recovery of threshold after repetitive stimulation. The cor-  FIo~  2. 
pusele has been stimulated with a train of repetitive stimuli at 300/sec. for a total dura- 
tion of 60 see. The threshold for firing of impulses in response to single mechanical test 
stimuli was measured at the end of the train (time 0) and followed up to full recovery of 
normal threshold.  (Normal threshold strength in this corpuscle corresponds to  a  de- 
flection amplitude of the crystal stimulator of 0.8 #.) 
DEPRESSION AS A FUNCTION OF STIMULUS  STRENGTH  The depression which 
follows a  train of equal mechanical stimuli is a function of the strength of the 
stimuli contained in the train. Fig.  3 illustrates the relationship between full 
recovery time and stimulus  strength for  a  representative case.  The full re- 
covery time is found to increase exponentially with strength of the repetitive 
stimuli. Because of its dependency on strength,  the depression is best shown 
with strong repetitive stimuli which, as a  matter of course, also set up all-or- 
nothing potentials.  However, firing of repetitive all-or-nothing potentials  is 
not required to produce the effect. Depression of excitability can be shown 
in most corpuscles even with repetitive stimuli of subthreshold strength. Sub- 
threshold stimuli produce activity, namely generator potentials,  only at the 
non-myelinated ending; but do not produce firing at the Ranvier node ad- W.  R.  LOEWENSTEIN AND S.  COHEN  After-Effects  of Activity  in a Receptor  339 
jacent to the ending inside the corpuscle (Loewenstein and Rathkamp,  1958). 
It seemed very likely,  therefore,  that  under  these  conditions  the depression 
took place at the non-myelinated  ending.  It will be shown in the subsequent 
paper that the generator potential of the ending is, in fact, markedly reduced 
during depression. 
DEPRESSION AS  A  FUNCTION OF  STIMULUS  FREQUENCY  The  depression  of 
excitability is also a function of the frequency of repetitive stimuli.  The  upper 
curve of Fig.  4  describes a  typical frequency--full recovery time relation.  In 
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FmuP~ 3.  Full recovery time of threshold as a function of strength of repetitive stimuli. 
The corpuscle has been stimulated  with  trains  of repetitive  stimuli of constant train 
duration  (10 sec.) and constant stimulus frequency (570/sec.). The strength of repetitive 
stimuli (relative units) was varied and the corresponding full recovery times to normal 
threshold (ordinates) were determined. 
this  experiment  the  stimulus  frequency  of a  train  with  otherwise  constant 
parameters  was varied within  a  range  of I  to  900 stimuli  per see.,  and  the 
full  recovery time  was  measured  for various frequencies.  There  is  a  rather 
steep increase in full recovery time  as the frequency is varied from  0-100  to 
200 stimuli  per sec.  A  ceiling value of full recovery time is usually attained 
between 500 to 800 stimuli per sec. At frequencies above 700 per sec.  there 
is a tendency for the full recovery time to decline.  Such a decline is to be ex- 
pected if activity of the first node of Ranvier were to contribute to the depres- 
sion: When a corpuscle is stimulated at low frequency, each stimulus, if strong 
enough,  sets up  an  all-or-nothing  potential.  If the stimulus  frequency is in- 
creased, while the stimulus strength is held constant, failure of all-or-nothing 340  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  •  VOLUMR  45  "  I959 
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FIGURE 4.  Recovery time of threshold as a  function of stimulus  frequency. The cor- 
puscle has been stimulated with trains of repetitive stimuli of constant strength and train 
duration (60 see.). The time required for the receptor to reach five different threshold 
levels is plotted against  frequency of repetitive stimuli.  The upper curve describes the 
recovery time to normal threshold  (full recovery time)  as a  function of stimulus  fre- 
quency. 
firing occurs; aU-or-nothing potentials alternate,  then,  with generator poten- 
tials  (Loewenstein,  1958).  This is due to the fact that the electrical threshold 
of the first Ranvier node increases  during  the  relative refractory period  left 
behind by each all-or-nothing potential.  Thus,  progressively larger generator 
currents  must  flow  between  ending  and  node  in  order  to  trigger  all-or- 
nothing  potentials,  as  the  interval  between  stimuli  is  shortened  within  the 
relative refractory period (Loewenstein and Altamirano,  1958). As the stimu- 
lus  frequency is  further increased,  more  all-or-nothing  potentials  drop  out; W.  R.  LOZWENSTZrt¢  AtCV S. COt-raN  Afler-E2~ects of Activity in a Receptor  34 t 
until finally generator  potentials  constitute the only response  to  repetitive 
stimulation. The decline in full recovery time of threshold described before, 
happens precisely at stimulus frequencies at which there is a sharp dropping 
out of aU-or-nothing responses. This suggests rather strongly that besides gen- 
erator activity at  the ending, also firing at  the node becomes depressed at 
frequencies below 800 per sec. It will be shown in the subsequent paper that 
the depression has,  in  fact,  two components: decrease in  responsiveness of 
the non-myelinated ending and decrease in excitability of the first Ranvier 
node. The nodal component can be eliminated if the corpuscle is stimulated 
at frequencies above 800 per sec. High strength can then be used for repeti- 
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Full recovery time of threshold as a function of train duration. The cor-  FIOURE 5. 
puscle  has  been stimulated  with  trains  of constant stimulus  strength  and  frequency 
(570/sec.). The recovery time to normal threshold is plotted against train duration. 
rive stimulation in order  to cause depression of threshold without firing of 
all-or-nothing potentials during the repetitive stimulation.  High frequency 
stimulation thus provides a  convenient means for studying depression effects 
at the ending alone. 
The  full recovery  time  of threshold  for  a  given  frequency  of repetitive 
stimulation is fairly constant for the same corpuscle. Moreover, the shape of 
the curves describing the relationship between frequency and recovery time 
to various threshold values higher than the fully recovered normal threshold, 342  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  • VOLUME  43  "  1959 
is  rather  similar  (Fig.  4).  A  simple way to  study  the recovery to any  given 
threshold  value is  as follows: a  train  of repetitive stimuli of the  desired fre- 
quency is applied causing the threshold to increase to, say, three times normal 
threshold  value.  Immediately at the end of this high frequency train,  a  test 
stimulus of a  pre-set constant  strength  of, say,  1.75  times threshold  value is 
applied  at a  rate of 1 per see.  (known to produce no depression).  The  time 
between the  end  of the high  frequency train  and  the first impulse fired in 
response to the chosen test stimulus strength  (henceforth  called recovery time) 
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FmURE 6.  Full recovery time at constant number of repetitive  stimuli. The corpuscle 
has  been  stimulated  with trains  containing  a  constant  number  of repetitive  stimulL 
Stimulus frequency and duration of each train were adjusted to give a constant product 
of 18,000 stimuli. The full recovery time to normal threshold is plotted against stimulus 
frequency. Note  the absence of an ascending trend  in full recovery time  in spite of 
ample variations in frequency in contrast to the result of Fig. 4. 
could thus be measured with an accuracy of about 4-0.5 sec. The time course 
oi threshold  recovery in  Fig.  2  was obtained by this procedure repeated for 
various test threshold  values. 
DEPRESSION  AS  A  FUNCTION  OF  TRAIN  DURATION  Train  duration  is 
another factor in determining the degree of depression. When a train contain- 
ing  repetitive  mechanical  stimuli  of constant  strength  and  frequency is  de  o 
livered to the corpuscle, the full recovery time and recovery times of threshold 
are found to increase with the duration of the train  (Fig.  5).  The duration- 
recovery time relationship  is often, but not always, a  bimodal curve suggest- 
ing,  as  the  "frequency experiments"  before,  that  two processes may be in- 
volved in the depression. W.  R.  LOEWENSTEIN AND  S.  COHEN  After-Effects  of Activity in a Recepto~  343 
DEPRESSION AS A  FUNCTION OF  THE  NUMBER  OF STIMULI  Fig. 6 represents 
the  results  of  an  experiment  in  which  the  corpuscle  was  stimulated  with 
trains containing a  constant number of equal stimuli;  the parameters of fre- 
quency and train duration were varied over a  wide range.  In order to elim- 
inate the nodal component of depression, subthreshold strength was employed 
for repetitive stimulation. The duration and the frequency of repetitive stimuli 
were adjusted so as  to contain  18,000  stimuli in each train,  and  the full re- 
covery time measured for each train. The full recovery time was found to be 
rather constant in spite  of wide variations  in frequency and  train duration. 
It  will  be  noted  that  there is  no  ascending trend  in  the full  recovery time 
curve with increasing frequency, when the number of stimuli is kept constant 
(Fig.  6).  This is in striking contrast with the sharp rise in full recovery time 
between 0 and 300 stimuli per sec., when the train duration is kept constant 
(Fig. 4).  The absence of an ascending trend allows us to state with confidence 
that,  within certain limits  of frequency and  train  duration,  depression  is  a 
function of the number of stimuli. 
Post-Tetanic Facilitation  of Excitability 
In  some corpuscles,  repetitive  mechanical stimulation  causes  facilitation  of 
threshold. Fig. 7 gives a qualitative demonstration of this effect. A mechanical 
test stimulus is applied to the corpuscle.  Its strength has been adjusted to be 
20 per cent below threshold for firing of all-or-nothing potentials  (Fig.  7 a). 
This leaves enough margin for spontaneous fluctuations in generator potential 
of the ending and in initial  firing level of the node  (Loewenstein and Alta- 
mirano,  1958).  The corpuscle is then stimulated with a short train of repetitive 
stimuli.  At the end of this  train the same test stimulus is  applied  again and 
found  to  elicit  now  all-or-nothing  potentials  (Fig.  7  b).  The  facilitation  is 
usually of short duration. In the example of Fig.  7 it lasted for approximately 
4  sec., as measured from the end of the train of repetitive stimuli. 
Repetitive  activity  in  Pacinian  corpuscles  thus  has  two  after-effects: de- 
pression and facilitation. Of the two effects, depression is most frequently ob- 
served.  Depression,  in  fact,  could  be  shown  in  practically  all  corpuscles  if 
appropriate  parameters  were  chosen  for  stimulation.  Facilitation,  on  the 
other hand, was found only in relatively few corpuscles. The reason for this 
will become clear in the second paper of this series in which the mechanisms 
of the two effects will be analyzed. Facilitation is usually best produced with 
trains  of short duration  (5 to  15 sec.)  containing stimuli of frequencies near 
300 per see. and of a strength just below firing threshold. With higher strengths, 
and, particularly, with long train durations,  depression tends to overshadow 
the effect of facilitation. 
For  a  quantitative  study  of facilitation,  we  have  employed  a  procedure 344  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  •  VOLUME  43  "  1959 
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FIGURE 7.  Post-tetanic facilitation of mechanical threshold.  A test stimulus of constant 
strength  is applied  to the corpuscle a,  before; b,  2 sec.  after a  facilitatory train  of 300 
mechanical stimuli  per sec. and a train  duration of 5 sec.  The test  stimulus  is  adjusted 
to be 20 per cent below the normal threshold strength. 
similar  to that used tbr studying depression.  The  threshold  is determined  with 
test  stimuli  delivered  at  a  low  frequency  (usually  1  per  sec.)  which  causes 
neither  facilitation  nor depression.  A  train  of repetitive  stimuli  is  then  deliv- 
ered  to  the  receptor.  At  the  end  of such  a  train,  the  test  stimulus  is  turned 
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Facilitation  of threshold  as a  function  of stimulus  strength.  Trains  of constant 
duration (5 sec.)  and stimulus frequency (300/sec.) have been delivered to the corpuscle. 
The threshold in response to single  test stimuli at the end of the train is plotted against 
strength of repetitive stimuli. 
on,  and  the threshold  is measured  again.  The  facilitation  can thus be studied, 
for instance,  as a  function of strength of repetitive  stimuli.  If trains of constant 
frequency and constant duration  are applied  to the corpuscle,  the facilitation, 
if at  all  present,  is  a  function  of stimulus  strength.  Fig.  8  shows  the  strength W.  R.  LOEWENSTEIN AND N.  COHEN  After-Effects of Activity in a Receptor  345 
dependency of facilitation  for a  representative  case.  It  will  be recalled  that 
depression is also strength-dependent;  but whereas facilitation  increases over a 
small  range  of strength  and  presents  a  clear  maximum  (Fig.  8),  depression 
increases over a  considerably wider range of strength  (Fig.  3). 
The discussion of the present results will be combined with that of the sub- 
sequent paper. 
We are indebted to Mr. J. Fortoul for unfailing technical assistance. 
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